Abstract. This review describes methods which can be used for the reduction of the polycyclic aromatic hydrocarbon (PAH) emissions from wastewater and flue gases including principles of operation of the methods and studies of their effectiveness. There are discussed both methods, which nowadays are already used industrially, and their improvement opportunities as well as recent technological trends in this field. The methods have been classified into two main categories: flue gas treatment and wastewater treatment.
I INTRODUCTION
Polycyclic aromatic hydrocarbon compounds are class of complex organic compounds that contain two or more fused aromatic rings. These compounds are widely distributed in the environment and is one of the first atmospheric pollutants have been identified as potentially carcinogenic. Today they are recognized as highly carcinogenic and mutagenic compounds, and therefore part of them the U.S. Environment Protection Agency and the European Community regulated as priority pollutants [7] .
Polycyclic aromatic hydrocarbons mainly are products of incomplete combustion and organic matter pyrolysis. They may originate from both natural and anthropogenic sources. A small portion of PAHs are released into the environment from natural sources such as forest and grassland fires or volcanic eruptions, but mainly they originate from human-made sources. Anthropogenic sources can be divided into two groups: pyrogenic and petrogenic. Pyrogenic PAHs are formed during combustion of fossil fuel and biomass (vehicle exhaust, waste incinerators, power plants), but petrogenic PAHs during combustion of crude oil and its products [8, 6, 52] . Nowadays there are different methods for treating flue gases and effluents to reduce emissions into the environment.
II MATERIALS AND METHODS
This article is a review of the scientific literature, therefore it was gathered and analyzed available information on the chosen topic. Based on it there was carried out an assessment of the performance of the currently used and potential methods and their intercomparison.
III RESULTS AND DISCUSSION
Flue gas treatment Polycyclic aromatic hydrocarbons due to their high volatility can be released in the environment not only in the particulate matter (PM) but also in the gas phase [7] . The PAH gas/solid partitioning is related to the liquid ambient temperature, vapour pressure, chemical composition, size and the surface area of the PM [8] . These characteristics combined with the PAHs volatile character determine the way in which they are emitted from a combustion process [6] .
Partial elimination of PAHs can be achieved by capturing the particulate matter, which is carried out by conventional gas-cleaning systems such as cyclones, bag filters, scrubbers and electrostatic precipitators.
Cyclone separators Cyclone separators are well known in the field of particle separation and collection from gas streams. Basically, a cyclone separator receives a gas stream and passes it through cylindrical conical housing thereby forming a vortex such that particles therein are separated from the gas stream and pass out a discharge outlet while the cleaned gas passes through a cleaned gas outlet. It is a centrifugal force created by the action of the vortex thus leaving the cleaned gas at the vortex center, where the cleaned gas continually flows outwardly through the clean gas outlet [52] .
Bag filters Bag filtration is one of the most reliable, efficient, and economic methods for removing particulate matter from gases. Bag filter provides a second filter stage for removing dust from air discharged from a cyclone or other primary separator. In the bag filter dust is filtered from the air, which is discharged through the filter walls. The filtered dust is conveyed along the bottom of the bag
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filter by an air conveyor and is recirculated back to the primary separator for removal thereat. Fabric or cloth filters in the form of tubular bags are generally used for gas filtration [43] .
Wet scrubbers In wet scrubber system an air stream containing the dust is wetted with water and impinged onto an impingement board which removes the major part of the dust as a mixture of dust and water. Wet scrubbers are used due to their high removal efficiency for coarse particles (1-2 μm in range), small onsite plot space, no problems at high temperatures [76, 5] .
Electrostatic precipitators Electrostatic precipitator having strong electrical field is generally used for the collection of particulate matter or dust. There are two general types of electrostatic precipitators, single-stage in which ionization and collection are combined, and two-stage in which the ionization is achieved in one zone and collection in other zone [44] .
These types of air pollution control devices did not show high removal efficiencies for pollutants such as PAHs (Table 1 ). In two batch-type medical waste incinerators shared the same air-pollution control devices which were installed in series, including one electrostatic precipitator and one wet scrubber, were analyze the concentrations of 21 PAH species contained in the stack flue gas. The results showed that removal efficiencies of total PAHs by the air pollution control devices were only 15.2% and 15.4%. While the removal efficiencies of total PAHs in Taiwan joss paper furnace, which was equipped with a cyclone and a wet scrubber, was 42.5% and 11.7%, respectively. There were studied also emissions from batch hot mix asphalt (HMA) plants and PAH removal efficiencies associated with their installed air pollution control devices (cyclone and bag filter). The overall removal efficiency of the installed air pollution control devices on total PAHs and total Ba Peq were 22.1% and 93.7%, respectively. This implies that the installed air pollution control devices have a very limited effect on the removal of total PAHs [77, 34, 78] . The gas-phase PAH emissions must be tackled by developing specific technologies, like those described below.
Catalytic oxidation
The metal (Mn, Co, Cu, Fe, and Ni) oxides or noble metals (Pt, Pd, Rh, and Au) supported catalysts have already been studied to destroy organic pollutants. Noble metals possess higher catalytic activity and selectivity for the oxidation of organic compounds at low temperature, but, because of their much higher cost, base metals have been more widely investigated for oxidation of organic compounds [78, 66, 59, 71, 19] [80, 42, 27, 81, 26] . There is also investigated an application of ozone in conjunction with Pt/Al 2 O 3 catalysts, called ozonecatalytic oxidation (OZCO) process, to destruct gaseous naphthalene to enhance the performance of catalytic oxidation [53] .
Active carbons Active carbons are considered a promising technological solution for the PAH emission control due to their low price, high surface/weight ratio, easy handling and, usually, appropriate for regeneration in cycles [53, 1, 9] . The gas is generally passed through a bed of activated carbon where the molecules of the contaminants are transferred to the solid phase (adsorption process). It was shown that the main factors controlling the adsorption process are microporosity, mesoporosity and pore size distribution [1, 11, 13, 14, 12] .
As it can be seen in Table 2 , the removal efficiency of the catalytic process depends also on metal loading. Besides, improved PAH removal can be achieved using HNO 3 and NaOH as pretreatment solutions.
Electron beam technology
The electron beam flue gas treatment process is one of the most promising technologies in modern environmental protection. This is a dry-scrubbing process of simultaneous SO 2 and NO x reduction, where no waste except the by-product is generated. The by-product is fully usable as a fertilizer. Also VOCs present in flue gas may be reduced in this process [3] . This makes it possible to suggest that the electron beam process applied to VOCs decomposition might be an effective and economically viable method.
However, several studies have shown that this technology produces modifications in the concentrations of organic compounds, in particular PAH. The total PAH concentration and PAH-based overall toxicity of flue gas decreased. While results, gained at EPS Kaweczyn, show that the concentration of PAHs of small aromatic rings (p3, except acenaphthylene) is reduced, while the concentration of PAHs of large aromatic rings (X4) is increased. But results from other research showed that after irradiation, the concentrations of higher-ringed
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PAHs decrease and less-ringed PAHs increase [2, 15, 4, 61] . In another study the observed reduction efficiency for total PAHs was 85% [60] . 
Wastewater treatment
Biological treatment There are two main types of biological treatment:  activated sludge treatment, and  percolating filters (also referred to as trickling or biological filters). Both types of biological treatment require subsequent sedimentation to remove suspended matter from the oxidized effluent (Table 3 ) [41] .
Activated sludge treatment (AS)
A conventional activated sludge treatment facility consists of a primary clarifier, an aerobic biological treatment stage and a secondary clarifier. There may be also added such treatment steps as sand filtration for removing suspended solids, activated carbon filtration for removing dissolved matter and biological/chemical treatment for removing P and N.
In activated sludge treatment process is used oxygen and microorganisms to biologically oxidize organic pollutants. The produced sludge is partially recycled back to the aeration tank, which encourages rapid adsorption of pollutants in the incoming wastewater. The remaining waste sludge is removed for further treatment and ultimate disposal [69] .
Depending on the mode of operation, the activated sludge treatment process may have up to four phases:  auto-digestion of the activated sludge [41] . In wastewater treatment plants, the majority of PAHs are typically bound to the sludge, thereby escaping aerobic treatment. Sorption to sludge particles is the main removal mechanism for PAHs (especially the heavier ones) during primary treatment, but during secondary treatment it is achieved by such processes as biodegradation or volatilization. Lower molecular weight PAHs (naphthalene, acenaphthene, phenanthrene, anthracene, and fluoranthene) during secondary treatment show losses for more than 40% [35, 25, 64, 69] . Overall removal of 16 EPA PAHs ranged from 83-98.3% [35, 63] .
Some studies had demonstrated that concentrations of high molecular weight PAHs may increase during conventional wastewater treatment. Treatment plants had higher concentrations of HMW PAHs such as chrysene, pyrene, benzo(b)fluoranthene and benzo(k)fluoranthene than the incoming water. The largest increase was seen for pyrene [65] .
As such pollutants as heavy metals and PAHs accumulate in the waste activated sludge it might not be possible to use it for farmland fertilization due to high levels of pollution.
Biological filters (BF) Biological filters are generally used for removing organic pollutants from wastewater. The basic principle in a biofilter is biodegradation of pollutants by the microorganisms attached onto the filter media. There are three main biological processes that can occur in biofilter: attachment of microorganism; growth of microorganism; decay and detachment of microorganisms. The success of a biofilter depends on the growth and maintenance of microorganisms (biomass) on the surface of filter media [24] .
Membrane bioreactor (MBR) Membrane bioreactors are reduced-size installations with low sludge production, which allow for the direct reuse of the treated water, as a complete elimination of microorganisms in the effluent and a high removal ratio for most abiotic contaminants are achieved [56] . The studies showed that the removal efficiency of PAHs by MBR is thought to be in the order of 80% (effluent concentration 0 -0.01 μg/l) [36, 38] .
Biofilm reactors Wastewater treatment systems using biofilms that grow attached to a support media are an alternative to the widely used suspended growth activated sludge process. Different fixed growth biofilm reactors are commercially used for the treatment of municipal as well as industrial wastewater. The use of submerged fixed bed biofilm reactors (SFBBR) is advantageous for the pre-treatment of industrial wastewater, especially for wastewater with high organic loading or high content of compounds with low biodegradability [75] .
The MBfR is based on membranes that deliver a gaseous substrate to a biofilm, while also serving as its substratum. The technology offers unique advantages to conventional biofilm treatment technologies and provides specialized treatment for a wide variety of reduced, oxidized, and organic compounds. After several decades of bench and pilot-scale research, the MBfR finally is reaching maturity. The development of the first commercial scale process, ARoNite TM , is a significant milestone in MBfR development. If the process is
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successful, the same reactor configuration could be used to treat a wide range of water and wastewater contaminants. More basic and applied research on the life expectancy, cost, and reliability of the MBfR will allow the technology to provide a cost-effective, sustainable solution for water and wastewater treatment [45] .
Biological aerated filtration (BAF) Conventionally, BAF is submerged media wastewater treatment reactors that combine biological treatment and biomass separation by depth filtration. It adopts a granular media as the support for microbial biofilms that also provides the depth filtration action. The system does not require special maintenance operations and assures low management costs [48, 33] .
Granular activated carbon-fluidized bed reactor (GAC-FBR) GAC-FBR is an ex situ technology for the treatment of groundwater, wastewater and process water contaminated with hydrocarbons and other organic pollutants. It combines the advantages of biological and physical treatment in a single unit operation, by employing GAC as the solid support for biofilm growth in a fluidized-bed reactor. Aqueous waste streams containing organic contaminants such as benzene, toluene, ethylbenzene and xylenes (BTEX) and PAHs are treatable with this technology. Overall PAH removals of >99% were observed at high organic loading rates and a hydraulic retention time of about 6 min. Removal of 2-to 4-ring PAHs was found to be due primarily to biological oxidation and not to adsorption [39, 68] . However, it is worth noting that high concentrations of total organic carbon over 100 mg/l may need a denitrifying mode of operation. This would require large process volumes and the handling of nitric acid and/or nitrates [32] .
Hypersol Macronet (MN200) Searching for suitable sorbents for polycyclic aromatic hydrocarbons (PAHs) removal from aqueous solutions that solve many of the existing problems when using granulated-activated carbon, a new type of nonfunctionalized macroporous hyper cross-linked resin, Hypersol Macronet (MN200) had been evaluated. Due to the lack of precise information on the PAH sorption process by hyper-cross-linked resins, it is unlikely that a rigorous kinetic model can be developed. The Fick's law (HDM) approach and the shell progressive model were used to fit some experimental data. As a first approximation both models can be used in the study of the PAH extraction processes by the hyper-cross-linked MN200 resin [22] .
Sorption of six PAHs (acenaphthene, anthracene, fluoranthene, fluorine, naphthalene and pyrene) on activated carbon and the Macronet polymeric sorbent MN200 was investigated to determine the effectiveness of each sorbent for removal of pollutants from aqueous solution and their possible use as sorbent materials for groundwater. Activated carbon showed better sorption efficiency with maximum loadings of PAHs between 90 and 230 g/kg, while MN200 resin showed values of 25-160 g/kg [21] . Chemical oxidation Chemical oxidation modifies the structure of pollutants in wastewater to similar, but less harmful, compounds through the addition of an oxidizing agent (Table 4) . During chemical oxidation, one or more electrons transfer from the oxidant to the targeted pollutant, causing its destruction [86] .
Ozone Oxidation Ozone (O 3 ) is a strong oxidant with an oxidation potential. O 3 reacts with organic contaminants through either direct reactions or through the formation of free radicals, including the hydroxyl radical (•OH). The •OH exposure (!•OH dt) can be determined through the use of para-chlorobenzoic acid (pCBA), an O 3 -resistant probe compound which reacts selectively with •OH. Ozonation processes are particularly attractive because ozone can destroy hazardous organic contaminants [62, 58] . In studies indicated treatment efficiencies for ozonation of 50 -90% for PAH (effluent concentrations 0 -0.01 μg/L) [36, 38] .
Ozone oxidation can be operated with UV irradiation. In this system up to three pathways of organic compound removal can develop: direct photolysis, direct ozonation and radical oxidation. The hydroxyl radicals result from the decomposition of ozone due to photolysis and a reaction with hydroxyl anion which produces hydroxyl radicals in subsequent reactions. The •OH radicals react without selectivity on numerous organic chemicals in water. The further reaction course is more complicated as primary products compete for ozone, hydroxyl radicals and UV radiation with the target compound. Organic molecules excited by UV radiation can react with oxygen and ozone. Additionally, intermediates can decompose giving radical species which can take part in the reaction. Oxygen, usually delivered to the reaction mixture with
ozone, is also suspected of participation in the oxidation process [73] . The ozonation combined with UV radiation is an effective and quick method for selected PAHs removal from the aqueous environment. The highest rate of degradation is achieved in acidic solutions and the slowest in alkaline solutions. The process carried out in the presence of hydroxyl radical scavenger suggests that benzo(a)pyrene and chrysene decomposition follows the radical reaction to some extent, but for fluorene it is not so obvious. The comparison of the three methods of PAHs degradation using O 3 , UV radiation and O 3 /UV system permit to state that the combined process is the most effective [73] .
A novel method for the degradation of PAH by ozonation, using a mixture of polar and nonpolar solvents, followed by bacterial biodegradation of the oxygenated intermediates was recently disclosed. The method involves dissolving ozone in a bipolar solvent which is contacted with the PAH compounds to solubilise them and to react them with the ozone. The bipolar solvent is then mixed with water to form separate non-polar and polar phases, and the polar phase is incubated with bacteria to biodegrade the oxygenated intermediates [67] .
Ozone can also be combined with hydrogen peroxide. UV wavelengths of 200-280 nm lead to disassociation of H 2 O 2 , with mercury lamps emitting at 254 nm being the most commonly used. UV/H 2 O 2 systems generate hydroxyl radicals which are highly powerful oxidizing species. Hydroxyl radicals can oxidize organic compounds producing organic radicals, which are highly reactive and can be further oxidized [70] .
UV/H 2 O 2 proved to be an effective treatment method for the degradation of phenanthrene and pyrene solubilized in perfluorinated surfactant solutions. The application of H 2 O 2 dramatically enhanced the photolysis of the PAHs in both water and anionic surfactant solutions compared to direct photolysis. Surfactant solutions retarded the photolysis of phenanthrene and enhanced the photolysis rate of pyrene [82] .
The oxidation of fluorene, phenanthrene, and acenaphthene in water was studied by applying UV radiation combined with H 2 O 2 . Disappearance rates of PAHs were found to be substantially increased with respect to those from UV radiation alone when the right conditions of H 2 O 2 concentration and pH were established. The contribution of direct photolysis decreased with increasing H 2 O 2 concentration and was the main way of degradation at acid pH (76% at pH 2 with 10 -3 M H 2 O 2 concentration, for fluorene oxidation). Both UV radiation and UV/H 2 O 2 oxidation of PAHs yield numerous intermediate compounds, but most of these compounds disappear as the oxidation time is increased [28] .
The study in which had been investigated treatment of fluorene, phenanthrene, and acenaphthene in water with ozone combined with hydrogen peroxide showed that the presence of H 2 O 2 did not improve the oxidation rate of fluorene, phenanthrene, and acenaphthene in water compared to ozonation alone. Concentrations of H 2 O 2 lower than 0.01 M did not yield significant variations of PAH degradation rate, and at higher H 2 O 2 concentrations the process was inhibited, suggesting that direct reactions of ozone with PAHs are so important that the contribution of hydroxyl radical oxidation has no effect on the rate of PAH oxidation. It was concluded that, although ozone combined with UV radiation allows for the highest oxidation rates, the differences with respect to ozonation alone are so small that in a practical case it is likely that the cost associated with the use of UV radiation makes ozonation alone the more convenient technology to remove PAHs from water [29] .
The process of photocatalytic oxidation is based on the production of electron-hole pairs by illumination with light of suitable energy, of a semiconductor powder dispersed in an aqueous medium, which subsequently react with adsorbed species of suitable redox potential. In the presence of air, adsorbed molecular oxygen accepts photogenerated electrons, while water molecules can react with photogenerated holes to produce hydroxyl radicals [49, 72] .
Fluorene showed the highest performance, while UV photolysis alone did not yield any fluorene removal. For ozone photocatalysis, total mineralization was achieved in less than 10 and 15 min at pH 5 and 2, respectively, and for ozone photolysis at pH 5. Approximately 50% mineralization was reached in photocatalytic oxidation and when ozone alone or combined with TiO 2 was applied [31] .
Fenton oxidation Fenton oxidation is widely accepted as efficient and environmental friendly process, the generation of sludge due to the flocculation of organic Fe(III) complexes and Fe(III) hydroxides at elevated pH values presents its disadvantage. However, introduction of ultrasound or ultraviolet irradiation in the systems lead to the enhancement of the Fenton oxidation, making it more competitive in terms of efficiency with other chemical oxidation methods (Table 4) . Such processes are known as sono-Fenton and photo-Fenton process [37] .
Fenton Oxidation is an advisable process for total degradation of PAHs such as, phenanthrene and acenaphthene in water within a few minutes, provided the reagent concentrations are optimized. At low concentrations, ferrous ion and hydrogen peroxide act as initiators of hydroxyl radicals, whereas at high concentrations they slow the oxidation rate. The best concentrations seem to be 10 -3 M for hydrogen peroxide and 7 x 10 -5 M for ferrous ion, and the pH of the water should be near 7 [30] . [54, 83] . Comparing all these sorbents and activated carbon by partition coefficient (Kd), which is an effective parameter to evaluate the sorption efficiency, shows that their removal efficiency for PAHs is more or less lower.
However, should not be forgotten the fact that raw plant materials are easily modified to enhance the sorption capability. Thus some of these natural adsorbents are potential alternatives of activated carbon in an innovative approach for the removal of this class of toxic compounds, and significantly reduce the regeneration costs of the process (Table 5) [85, 51, 17, 23, 84, 54, 55, 18, 47, 79, 83] . 
IV CONCLUSIONS
One of the most notable anthropogenic sources of PAH emissions are power plants, waste incineration plants and industrial enterprises, therefore it is important to minimize the emissions from them. Exists a wide variety of methods for PAH abatement, but a part of them are not developed specifically to treat them. They were originally created for abatement of other types of pollutants and are used for general treatment of wastewater or flue gases, however there is studied also the influence on PAH emissions.
Flue gas treatment methods, that are generally used for the collection of particulate matter or dust (cyclone separators, bag filters, wet scrubbers, electrostatic precipitators), showed rather low removal efficiency. For total PAHs it ranged only from 11.7 to 42.5%.
Much better results showed metals supported catalysts. The removal efficiency of them depending on metalcatalyst combination ranges from 67.3 to 96.5%.
In the wastewater treatment field very promising results shows recently developed technologies that are based on biofilms, but they are not yet widely used industrially because they still faces challenges, including biofilm management, the design of scalable reactor configurations, and the identification of cost-effective membranes.
The combination of ozone with UV radiation allows for the highest PAH degradation levels. However the high costs constitute a restriction on the use of this method.
All in all there is still being sought for the best PAH treatment methods that would be both efficient and costeffective. None single emission control technology that is available nowadays, is not efficient enough, while the combination of technologies is recognized as the best approach.
